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DeiodinaseWe showed that neonatal leptin treatment programmes for hyperleptinemia and central leptin resistance
both at 30 days-old and adulthood, while programmes for lower serum T3 at 30 days-old, but higher thyroid
hormones (TH) at adulthood. As in these animals, acute cold at 30 days-old normalized leptinemia and
restored the expression of hypothalamic leptin receptor (OBR), here we evaluate the effect of cold exposure
on the thyroid function and OBR in adult rats programmed by neonatal hyperleptinemia. Pups were divided
into 2 groups: Lep-injected with leptin (8 μg/100 g/BW, sc) for the ﬁrst 10 days of lactation, and C-injected
with saline. At 150 days, both groups were subdivided into: LepC and CC, which were exposed to 8 °C for 12 h.
Serum leptin, TH, TSH, liver type I and brown adipose tissue (BAT) type II deiodinases (D1 and D2) activities,
liver mitochondrial alpha-glycerol-3-phosphate dehydrogenase (mGPD) activity and adrenal catecholamine
content were measured. Hypothalamic and thyroid OBR protein contents were evaluated. Differences were
signiﬁcant when pb0.05. Lep group had hyperleptinemia (+19%), higher T4 (+20%) and T3 (+30%) with
lower TSH (−55%), higher liver D1 (1.4 fold-increase), lower BAT D2 (−44%) and liver mGPD activities
(−55%), higher adrenal catecholamines (+44%), lower hypothalamic OBR (−51%) and normal thyroid OBR.
Cold exposure normalized leptinemia, D1, mGPD, catecholamine and hypothalamic OBR. However, cold
exposure further increased TH and decreased D2. Thus, cold exposure normalizes most of the changes
programmed by neonatal hyperleptinemia, at the expense of worsening the hyperthyroidism and BAT
thermogenesis.Fisiológicas, 5o andar Instituto
v. 28 de setembro, 87, Rio de
4.
ssos).
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Environmental, nutritional or hormonal inﬂuences in early life may
permanently change some physiological and metabolic parameters in
adulthood. This phenomenon is known as programming and has been
implicated in the origin of several chronic diseases [1–3].
Our group has studied the factors involved in the imprinting of
changes related to nutritional and hormonal programming. We
demonstrated that malnutrition in lactating rats was associated
with hyperleptinemia at weaning [4] and programmes thyroid
function [5] and leptin resistance in the adult offspring [6]. To test if
this hyperleptinemia at weaningwas one imprinting factor we treated
rats with leptin during the ﬁrst ten days of lactation. Those animals
presented hyperleptinemia and lower serum T3, liver D1 and mGPD
activities at 30 days-old [7,8]. In the adulthood, these animals wereprogrammed for hyperleptinemia, hyperthyroidism [7] and higher
catecholamine content and secretion of the adrenal medulla [9,10]. At
both ages, leptin-treated rats had central leptin resistance with lower
hypothalamic OBR and higher suppressor of cytokine signaling 3
(SOCS3) protein contents [7,11,12]. In addition, we also showed that
acute exposure to cold at 30 days-old, restores low levels of
hypothalamic and thyroid OBR, and increases TH response to cold of
rats programmed by neonatal hyperleptinemia [8].
Leptin is a hormone secreted mainly by adipose-tissue, exerting its
action through the ObR [13]. Besides its central action on body
metabolism and food intake, leptin also acts on the thyroid and
adrenal glands. This hormone stimulates thyroid function by
increasing thyrotrophin-releasing hormone (TRH) [14,15] or acting
directly on the thyroid gland, increasing the growth of this tissue and
secretion of TH [16,17]. Leptin also stimulates liver D1 [18,19] and BAT
D2 [20,21].
It is known that leptin and TH have biological roles that interact
with respect to the regulation of energy expenditure and thermo-
genesis. Thus, situations that require an adaptive adjustment of
energy metabolism, such as exposure of homeothermic animals to
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leptin and TH by the increase of thermogenesis [22–25]. Cold
exposure is associated with rapid activation of the hypothalamic–
pituitary–thyroid axis [26,27] and increased peripheral conversion of
T4 to T3 [19,28]. In contrast, it was observed that cold exposure
reduces the expression of leptin in BAT and white adipose tissue
(WAT) [29,30] and leptinemia in rodents [30,31] and humans [32].
These cold-induced responses can be triggered by increased activa-
tion of sympathoadrenal system [29,33]. On the other hand, several
studies have shown that leptin increases catecholamine synthesis
[9,34,35].
BAT is the main site of the adaptive thermogenesis. Both TH and
sympathetic nervous system (SNS) are essential for the thermogenic
response of this tissue during cold exposure [36]. T3 is generated in
BAT due D2 activity, which has its activity increased by up to 50 times
during cold exposure [37].
As thyroid function were differently programmed by neonatal
leptin-treatment, with hypofunction in younger rats and hyperfunc-
tion in older rats [38], but the same central leptin resistance at both
ages, we decided to evaluate the cold-response in adult animals, since
we had only studied this effect in younger animals [8]. Because, the
programming effect is more related to further pathophysiological
disturbances at adulthood, the observed reversal of hormonal and
metabolic changes in younger animals had more signiﬁcance if it
occurs also in older animals.
2. Material and methods
2.1. Animals and treatment
The use of the animals according to our experimental design was
approved by the Animal Care and Use Committee of the Biology
Institute of the State University of Rio de Janeiro (protocols
230/2008), which based their analysis on the principles adopted
and promulgated by the Brazilian Law that concerns the rearing and
use of animals in teaching and research activities in Brazil [39]. Three-
month-old Wistar rats were maintained in a room with controlled
temperature (25±1 °C) and dark–light cycle (lights on from 7:00 a.
m. to 7:00 p.m.).
Pupswere divided, within 24 h of birth, into two groups of sixmale
animals each: Control group (C), which was given a subcutaneous
injection of saline (NaCl 0.9%) during the ﬁrst 10 days of lactation and
Leptin group (Lep), treated with recombinant mouse leptin (provided
by National Hormone and Pituitary Program, Harbor-UCLA Research
and Education Institute, Los Angeles, USA), in the dose of 8 μg/100 g of
body weight, daily during the same period [7]. The recombinant
mouse leptin was dissolved in saline and all the injections were made
at 16:00 h.
Pups were weaned at the postnatal (PN) day 21. After weaning,
two rats of each litter (8 litters of each experimental group) were
randomly chosen and placed together in the cage with free access to
water and food until PN150. The other injected four animals were
used for another experimental procedure. At PN150, pups treated
with leptin or saline were subdivided (one animal from each litter)
into control cold (CC, 8 animals) and leptin cold (LepC, 8 animals)
groups, which were kept in individual cages and exposed to 8 °C for
12 h and compared with C (8 animals) and Lep (8 animals) groups
maintained at 25±1 °C for the same period. Immediately after 12 h of
cold exposure, rats were killed in the cold room, and other groups
(C and Lep) in the laboratory (25±1 °C), simultaneously, with a dose
of anesthetic (40 mg/kg body weight, ip; Thiopental, Cristália, Brazil)
and blood was obtained by cardiac puncture. Blood samples were
centrifuged (2000 rpm, 4 °C, 20 min) to obtain serumwhich was kept
at−20 °C until the assay. Hypothalamus, thyroid gland, liver and BAT
were excised and immediately frozen in liquid nitrogen. Tissue
samples were stored at −70 °C until further analysis.2.2. Body weight, food intake and rectal temperature
Body weight was monitored daily during lactation and every
4 days after weaning until PN150. The food intake was measured
every 4 days after weaning until PN150 in C and Lep groups. At
150 days, immediately after 12 h of cold exposure, the rectal
temperature, body weight and food intake were measured in the 4
groups. Rectal temperature was measured using a digital thermom-
eter inserted approximately 1.5 cm into the anus.
2.3. Serum hormone concentrations
Leptin was measured by radioimmunoassay (RIA) (Linco Research,
Inc., Missouri). This kit measures both rat andmouse leptin with an assay
sensitivity of 0.5 ng/ml and a range of detection from 0.5 to 50 ng mL−1.
The inter- and intra-assay variations were 7.3% and 6.9%, respectively.
Free serum T3 (FT3) and T4 (FT4) were measured by RIA, using
commercial kits (Coat-A-Coat, DPC, Los Angeles, CA). The inter- and
intra-assay variations were 5.4% and 3.6% for FT3, respectively, and
6.3% and 4.4% for FT4 respectively.
Serum TSH was determined by speciﬁc RIA, using a kit for rat TSH
supplied by the NIDDKD (Bethesda, MD) and data were expressed in
terms of the reference preparation provided (RP-3). The intra-assay
variation was 0.6% and all measurements were performed in a unique
assay.
2.4. Catecholamine quantiﬁcation
Total adrenal catecholamines (adrenaline and noradrenaline)
were quantiﬁed using the trihydroxyindole method [40]. We used
50 μl supernatant of the homogenized glands to quantify catechol-
amine content. Adrenaline standards were used for quantiﬁcation.
The parameters used in the ﬂuorometer (Victor2, PerkinElmer) were
420 nm excitation and 510 nm emission.
2.5. Deiodinase activity measurement
Determinations of liver type 1 (D1) and BAT type 2 (D2) deiodinase
activities were performed by the release of 125I from the 125I-labeled
reverse T3 (rT3), with minimal modiﬁcations, as previously described
[8,19,28]. BAT and liver (250 mg) tissues were homogenized in 50 mM
Tris–HCl buffer (pH 6.8) and centrifuged at 1500 g at 4 °C for 20 min.
Supernatants were stored at−70 °C until assayed. D1 and D2 activities
were assayed in phosphate buffer containing 1 mM EDTA, pH 6.9. The
liverD1assaywasperformed in thepresenceof 1.5 μMof rT3, 10 mMof
dithiothreitol (DTT), and 100 nMof T4 (to inhibit D2). The BAT D2 assay
was performed with 2 nM rT3, 40 mMDTT, and 1 mM propylthiouracil
(PTU; to inhibit D1). Equal volumes of the 125I-rT3 (1.07 mCi/μg —
Dupont-New England Nuclear, Boston, MA), previously puriﬁed by
paper electrophoresis, were added to each assay tube. Incubations
occurred in shakingwater bath at 37 °C, and were stopped after 30 min
(D1) or 120 min (D2) by the addition of amixture of 8% BSA and 10 mM
PTU, followed by cold 20% trichloroacetic acid. Samples were centri-
fuged (2000 rpm, 4 °C, 5 min), and 200 μl of the supernatants was
applied to Dowex 50W-X2 columns (100–200 mesh hydrogen form
BioRad, Richmond, CA, EUA). Free 125I, eluted from the columnwith 10%
acetic acid, was measured in a gamma-counter. The speciﬁc enzyme
activity was expressed by nanomoles (D1) and fentomoles (D2) of rT3
deiodinated/h mg of protein. Protein was measured by the method
described by Bradford [41].
2.6. Mitochondrial alpha-glycerol-3-phosphate dehydrogenase (mGPD)
activity measurement
We followed the procedure described previously with slight
modiﬁcations [38]. To isolate mitochondrial fraction, liver (250 mg)
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MgCl2) with Ultra Turrax and centrifuged at 1000×g for 10 min/4 °C
to separate the crude nuclear pellet, which was discarded. The
supernatant was centrifuged at 8500×g/10 min/4 °C and the pellet
was washed with 0.125 M potassium phosphate buffer (KBP) pH 7.5
in a vortex and followed another centrifugation under the same
conditions. The pellet containing the mitochondrial fraction was
resuspended in 1 ml KBP. To assay, mitochondrial suspension (100 μl)
was mixed with 50 μl 0.1 M DL-α-glycerophosphate diluted in KCN/
KPB (0.32 mg/ml). Blank tubes contained only KCN and KPB. After
10 min at 30 °C, tubes were transferred to a cold-water bath (4 °C)
and 100 μl of solution 7.9 mM INT–0.12 mM PMS was added. After
15 min at room temperature in the dark, the reaction was stopped
with 50 μl TCA 10% and 1 ml of absolute ethanol was added and tubes
were centrifuged at 1000×g for 5 min. The supernatant was analyzed
at 500 nm and values were expressed as absorbance (O.D)/mg of
mitochondrial protein. The protein was measured using the method
described by Bradford [41].
2.7. Western blot of the hypothalamic and thyroidal leptin receptor
Hypothalamus and thyroid were homogenized on ice-cold lysis
buffer pH 6.4 (50 mM—hepes, 1 mM—MgCl2, 10 mM—EDTA, Triton
X-100 1%, 1 mg/ml aprotinin, 1 mg/ml leupeptin, and 1 mg/ml SBTI).
The protein concentration was determined by the method of Bradford
[41].
Proteins (60 μg) were separated by SDS-PAGE (10%) and trans-
ferred to a nitrocellulose membrane (Hybond ECL; AmershamFig. 1. Body weight (A) and food intake (B) of animals after cold exposure. At PN150
treated with saline and kept to 25 °C (black bar), treated with saline and exposed to 8 °
C/12 h (white bar), treated with leptin on the ﬁrst ten days of lactation and kept to 25 °C
(gray bar) and treated with leptin on the ﬁrst ten days of lactation and exposed to 8 °
C/12 h (hatched bars). Values are given as the mean±SEM of 8 animals per group.
(*) Signiﬁcant differences versus C and (#) versus Lep. The level of signiﬁcance set at
pb0.05.Pharmacia Biotech, London, UK). The membrane was blocked for 1 h
by 5% nonfat milk in TBS-T buffer (20 mM—TRIS, pH 7.5, 0.5 M NaCl,
0.1% tween 20) followed by overnight incubation with primary
antibody — OB-Rb (m-18, goat polyclonal, Sc-1834, antihuman leptin
receptor; Santa Cruz Biotechnology, CA, USA) in TBS-T (1:500),
washed three times with TBS-T and incubated with secondary
antibody (biotin-conjugated goat IgG, 1:1000) for 1 h. After, the
membrane had been washed three times with TBS-T, was incubated
with Streptavidin (avidin-conjugated peroxidase) for 1 h. Antibody-
bindingwas visualized using 3,3′-diaminobenzidine tetrahydrochloride
(10 mg in 15 ml Tris buffer, 0.1 M, pH 7.4). Results were normalized by
actin. Densitometry analyses of the immunoreactive bands were
determined by Proplus image software (Infaimon, Barcelona, Spain).
2.8. Statistical analysis
Data are reported as mean±SEM. The statistical signiﬁcance of
experimental observations was determined by the Two-Way ANOVA
followed by the Newman Keuls test. The level of signiﬁcance was set
at pb0.05.
3. Results
3.1. Body weight, food intake and rectal temperature
During leptin treatment, offspring had lower body mass gain from
day 3 and remained so until day 25 of age, where the difference was
6.5% (pb0.0001). After day 25, this group reaches the same weight
than controls.
Body weight was higher in the Lep group (around +18%, pb0.05)
compared to C group as published before [8]. After cold exposure, CC
group lost 8.7% of their body weight, while LepC group lost 13.8%
(Fig. 1).
The effect of cold-exposure (8 °C) on food intake of rats at PN150 is
also showed in Fig. 1. Cold exposure led to lower food intake in CC
(−76%, pb0.001) and LepC (−52%, pb0.001) groups compared to
respective controls.
Cold exposure did not affect the body temperature in both CC and
LepC groups (C=38.2±0.3, CC=37.0±0.6, Lep=37.6±0.2 and
LepC=37.4±0.4).
3.2. Serum leptin, TH and TSH
Serum leptin concentration at PN150 is shown in Fig. 2. Lep group
had higher leptinemia than C group (+60%, pb0.05). Cold-exposure
led to the decrease of serum leptin in both CC (−36%, pb0.05) and
LepC groups (− 47%, pb0.005) compared to respective controls.
Serum TH and TSH concentrations are depicted in Fig. 3. The Lep
group had higher FT4 (+20%, pb0.05) and FT3 (+31.3%, pb0.05)
levels compared to the control. Cold exposure increases FT4 (+43%,
pb0.01) only in LepC compared to the Lep group, while FT3 was
higher in both CC (+24%, pb0.05) and LepC (+29.5%, pb0.01)
groups, compared to their respective controls. Lep group had lower
serum TSH (−55%, pb0.05) compared to the C group. Cold exposure
did not affect TSH levels in both CC and LepC groups (Fig. 3C).
3.3. Deiodinases and mGPD activities
Liver D1 activity (Fig. 4A) was higher in Lep group (1.4 fold
increase, pb0.001), while BAT D2 (Fig. 4B) was lower (−44%, pb0.01)
compared to the C group. CC group respond to cold exposure
increasing liver D1 (2 fold-increase, pb0.001) and BAT D2 (+34%,
pb0.05) activities. After cold exposure LepC group presented lower
liver D1 (−54%, pb0.001) and lower BAT D2 (−51%, pb0.05)
compared to the Lep group.
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Fig. 2. Serum leptin of animals treated with saline and kept at 25 °C at PN150 (black
bar), treated with saline and exposed to 8 °C for 12 h (white bar), treated with leptin on
the ﬁrst 10 days of lactation and kept at 25 °C (gray bar), and treated with leptin on the
ﬁrst 10 days of lactation and exposed to 8 °C for 12 h (hatched bars). Values are given as
the mean±S.E.M. of eight animals per group. (*) Signiﬁcant differences versus C and
(#) versus Lep. The level of signiﬁcance is set at pb0.05.
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Fig. 3. Serum T4 (A), T3 (B) and TSH (C) of animals at PN150 treated with saline and
kept to 25 °C (black bar), treated with saline and exposed to 8 °C/12 h (white bar),
treated with leptin on the ﬁrst ten days of lactation and kept to 25 °C (gray bar) and
treated with leptin and exposed to 8 °C/12 h (hatched bars). Values are given as the
mean±SEM of 8 animals per group. (*) Signiﬁcant differences versus C and (#) versus
Lep. The level of signiﬁcance set at pb0.05.
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compared to the C group. Cold exposure increases this enzyme
activity in LepC group (+74%, pb0.05) and decreases in CC group
(−64%, pb0.01) compared to their respective controls (Fig. 4C).
3.4. Hypothalamic and thyroidal leptin receptor
Hypothalamic OBR protein content was lower (−51%, pb0.01) in
Lep group and it was restored to normal levels after cold exposure in
LepC group (Fig. 5). The acute cold did not affect hypothalamic OBR in
CC group. Thyroidal OBR protein content had no signiﬁcant change
among the groups (Fig. 6).
3.5. Catecholamine quantiﬁcation
Adrenal catecholamine content was higher (+44%, pb0.05) in the
Lep group compared to the C group. The acute cold exposure
increased the content of catecholamines (+38%, pb0.05) in CC
compared to the C group, while the content of catecholamines was
lower (−35%, pb0.01) in LepC compared to Lep group (Fig. 7).
4. Discussion
In this study we showed how adult rats programmed by neonatal
hyperleptinemia respond to acute cold exposure, normalizing
leptinemia, D1, mGPD, catecholamine and hypothalamic OBR, which
were changed in the Lep group. However, cold exposure further
increased TH and decreased D2.
In this model, body weight and food intake data corroborate
previous reports of our group [7,8,10]. Cold-exposure caused a
decrease in body weight in both control and leptin rats. This weight
loss may be due to lower food intake and increased stimulation of the
sympathoadrenal system. Body weight loss during cold exposure also
was found by Yamashita et al. [42] in old rats. These authors suggest
that the weight loss could indicate a more inefﬁcient mechanism of
thermogenesis because UCP derived thermogenesis is reduced. In
the same way, LepC group seems to respond inappropriately to the
cold in relation to BAT D2 activity. As they have a higher increment
in TH secretion and lower adrenaline content in the adrenal
medullae, these two alterations could contribute to a lesser BAT D2
response and, consequently, less BAT UCP activation, and inefﬁcient
thermogenesis.
Trevenzoli et al. [9] showed hyperfunction of the adrenal medulla
with greater synthesis and secretion of catecholamines in the
150 days-old Lep rats. In the present study, we showed that leptin-
programmed rats also presented higher adrenal catecholaminescontent, corroborating our previous result. However, when exposed
to acute cold, they have lower catecholamines content that could
indicate a higher secretion by the adrenal. It is possible that LEP
animals, because they have a lower thermogenesis, had already a
higher cathecolamine secretion as well as thyroid hormone serum
levels (both thermogenic hormones) to compensate the deﬁcient
tissue thermogenesis (e.g., lower BAT D2). The normal response to
cold is increase cathecolamine on the adrenal, possibly by a higher
production (and maybe secretion) as observed in CC group. Thus, the
apparent paradoxical reduction of cathecolamine content in LEPC
maybe is due to exhaustion of the adrenal secretory pool.
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Fig. 4. Liver D1 (A), BAT D2 (B) and mGPD (C) activities of animals at PN150 treated
with saline and kept to 25 °C (black bar), treated with saline and exposed to 8 °C/12 h
(white bar), treated with leptin on the ﬁrst ten days of lactation and kept to 25 °C (gray
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Fig. 5. Hypothalamic OBR protein expression. Representative blots (A) and optical
density (B) of the hypothalamic OB-Rb of animals at PN150 treated with saline and kept
to 25 °C (black bar), treated with saline and exposed to 8 °C/12 h (white bar), treated
with leptin on the ﬁrst ten days of lactation and kept to 25 °C (ash bar) and treated with
leptin on the ﬁrst ten days of lactation and exposed to 8 °C/12 h (hatched bars). Also
shown is the western blot analysis of β-actin. Values are given as the mean±SEM of
8 animals per group. (*) Signiﬁcant differences versus C group and (#) versus Lep. The
level of signiﬁcance set at pb0.05.
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Fig. 6. Thyroidal OB-Rb protein expression. Representative blots (A) and optical density
(B) of the thyroidal OB-Rb of animals at PN150 treated with saline and kept to 25 °C
(black bar), treated with saline and exposed to 8 °C/12 h (white bar), treated with
leptin on the ﬁrst ten days of lactation and kept to 25 °C (ash bar) and treated with
leptin on the ﬁrst ten days of lactation and exposed to 8 °C/12 h (hatched bars). Also
shown is the western blot analysis of β-actin. Values are given as the mean±SEM of
8 animals per group. (*) Signiﬁcant differences between Lep and CC groups and C, (#)
between LepC and Lep, the level of signiﬁcance set at pb0.05.
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in the CC group after 12 h of cold-exposure. The fact that the leptin
cold-exposed animals has eaten more than cold-exposed controls,
could be explained by the greater reduction in leptin levels. We
suggested that less leptin could partially counterbalance the anorectic
effect of acute cold stress. These data conﬁrm, in part, previous study
using the samemethodology, in the 30 days-old animals, which when
exposed to cold had lower food intake with no body weight changes
[8].
Leptin does not seem to be the only factor responsible for the
changes in food intake in the acute cold. It is possible that in control
group the higher activity of the sympathoadrenal system, triggered by
cold, decreases the food intake and body weight of these animals,
since it is known that catecholamines also inhibit food intake [43]. As
in Lep C there was no increment of catecholamines. These hormonescould be also responsible for the lesser magnitude of decrease in food
intake.
Leptin-treatment rats during lactation programmes for hyperlep-
tinemia in adult life, which leads to leptin resistance by reducing the
expression of the hypothalamic OBR [7]. When those animals were
exposed to cold at PN30, they normalized their leptinemia and
restored the low expression of hypothalamic OBR [8]. In this study, we
evaluated the effect of cold exposure in the leptin-programmed
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Fig. 7. Adrenal catecholamine of animals at PN150 treated with saline and kept to 25 °C
(black bar), treated with saline and exposed to 8 °C/12 h (white bar), treated with
leptin on the ﬁrst ten days of lactation and kept to 25 °C (gray bar) and treated with
leptin on the ﬁrst ten days of lactation and exposed to 8 °C/12 h (hatched bars). Values
are given as the mean±SEM of 8 animals per group. (*) Signiﬁcant differences versus C,
(#) versus Lep. The level of signiﬁcance set at pb0.05.
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exposure to cold (8 °C) was able to normalize the expression of
hypothalamic OB-R in animals leptin-programmed at PN150. Thus,
we may suppose that the resistance to the anorectic effect of leptin
observed earlier in the Lep group is reversed after cold exposure,
which also explains the smaller decrease in food intake observed in
these adult animals when subjected to cold.
The hyperleptinemia of Lep group could down-regulate hypotha-
lamic OB-R, leading to lower expression of these receptors. So, when
these animals are exposed to cold and serum leptin levels are
normalized, the hypothalamic OBR content also normalizes, possibly
revert the central leptin resistance. Supporting this hypothesis,
Mercer et al. [44] revealed an increase in OBR mRNA in lean mice
exposed to cold (4 °C/24 h), and this inductionwas reversedwhen the
animals were placed at 24 °C/12 h. These authors suggest that the
expression of the OBR gene is regulated by serum leptin. Also in
fasting, when serum leptin is lower, there was increased expression of
its receptor [45,46].
Acute cold exposure is associated with rapid activation of the
hypothalamus–pituitary–thyroid axis [26,27], peripheral conversion
of T4 to T3 [19,28] and hypoleptinemia [31,42]. In fact, we observed
that control animals exposed to cold showed an increase in serum T3
and liver D1 activity, which constitutes the major source of circulating
T3 pool.
Previously we showed that neonatal rats programmed by
hyperleptinemia present lower thyroidal OB-R expression at
30 days-old, resulting in lower serum T3, liver D1 andmGPD activities
[7,8]. By the contrary, at 150 days, an increase of serum TH with TSH
suppression was observed, suggesting a primary hyperthyroidism.
Conﬁrming the thyroid hyperfunction, liver D1 was higher, but
unexpectedly mGPD was lower. Despite hyperleptinemia observed in
these animals, we did not ﬁnd change in OB-R expression in the
thyroid, as found in the hypothalamus. Thus, at PN150, the
programmed animals seem to have selective resistance to leptin,
already demonstrated in other models [47].
When cold-exposed, the adult animal programmed by leptin
increased much more the serum TH than the CC group. Higher TH
response in these animals is associated with higher liver mGPD. These
animals may compensate their inefﬁciency on BAT thermogenesis by
mGPD thermogenesis. However, mGPD thermogenesis seems to be
less efﬁcient than other forms of thermogenesis [48]. The opposite
phenomenon occurs in the controls, where the synergistic effect of
higher adrenaline and serum T3 may increase BAT thermogenesis,
inhibiting the contribution of mGPD.
Since liver D1 and BAT D2 were lower in LepC group, we suggested
that the major source of serum T3 is the thyroid gland. Also we cannot
discard the possibility of a stimulatory effect on the catecholaminergicsystem of the thyroid, since it has been shown that catecholamines
have a stimulatory effect on thyroidal T3 production [49].
BAT D2 activity was evaluated and, conﬁrming previous studies
[50,51], we found higher D2 activity in cold exposed controls, mainly
due adrenergic activation. However, leptin-programmed animals had
lower BAT D2 activity at room temperature that even further
decreased when cold-exposed. This can be explained by the higher
serum T4 of these animals, since this enzyme activity is reduced
directly by T4 [51]. Moreover, there is evidence that hyperthyroidism,
particularly induced by T4, is associated with decreased sympathetic
stimulation to this tissue [52,53] andwith decreased expression of β3-
adrenergic receptor [54].
In ob/ob mice, similar to leptin-programmed animals, cold
exposure does not cause elevation of BAT D2, and therefore the T3
generation is greatly lower, which contributes to the impaired
thermogenic response in these mice [55,56]. It is suggested that a
defect in BAT sympathetic stimulation contributes to this altered
response of BAT D2 [56]. We cannot discard that the same
phenomenon is occurring with liver D1 in LepC group, which showed
lower D1 activity, since catecholamines seem to activate this enzyme
[57]. Also, leptin stimulates liver D1 activity [19] that could explain
the higher liver D1 in Lep group, and lower in LepC group, reﬂecting
their leptinemia.
Considering the results described above, the question arose of how
leptin-programmed adult animals maintain their body temperature,
and what would be the main site of thermogenesis in these animals. It
is possible that the increased responsiveness of thyroid function and
correction of hyperleptinemia and leptin resistance observed in LepC
group, are working together to enable the adaptation of these animals
to cold. TH and leptin can increase thermogenesis by different
mechanisms. Maybe thermogenesis in liver via mGPD is an important
site for these animals. We showed that leptin inhibited mGPD activity
[58]. Since Lep group had lower mGPD, probably by the hyperlepti-
nemia, the reduction of leptinemia with cold exposure could increase
mGPD activity.
In conclusion, our study showed that cold exposure had different
responses in controls and leptin-programmed animals, and those
differences can be related to different leptin, TH and adrenal
catecholamines responses. The relevance of these data is to show
that cold can revert most of the deleterious changes associated with
neonatal leptin treatment, similar to the observed effects of cold in
younger animals, suggesting that the developmental plasticity can be
reversed by acute and simple measurements.
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